Process development studies are being done to recover and reuse zirconium from used nuclear fuel (UNF) zirconium alloy cladding. This has been shown to be economically viable and is a major initiative in waste reduction. The studies have included recovery processes based on dry pyrochemical iodination, chlorination, and hydrochlorination. Chlorination, using either or both chlorine and hydrogen chloride, was shown to provide better performance and is more compatible for interfacing with existing industrial chlorination processes used for fuel rod cladding manufacture from natural zirconium. The chlorination recovery process could be used for chemical decladding of intact UNF assemblies or for treatment of empty cladding segment hulls. Future work is planned to optimize recovery process conditions, equipment design, and scale-up operations.
Introduction
Process development studies were begun in 2010 to assess the potential for recovering and recycling the zirconium contained in used nuclear fuel (UNF) Zircaloy cladding. This zirconium alloy cladding (>98% zirconium) is the second largest mass (~ 25% on average, Fig. 1 ) in the U.S. inventory of Light Water Reactor UNF. Generation of UNF assemblies in the United States is expected to reach over 4,000 MT/year (~3,000 MT/year of heavy-metal components) in the next 50 years. At that level, the UNF cladding will contain ~ 1000 MT/year of hafnium-free zirconium, valued at $40-$80/kg. Recovery and reuse of the zirconium would provide material cost savings that could exceed $40 M/year. Even greater cost benefit can be obtained by diverting the zirconium from radioactive waste which is destined for emplacement in a geologic repository, since the compacted cladding waste volume is equal to or greater than the volume of vitrified high-level waste. Successful recovery and reuse of zirconium could enable economic use of enriched zirconium-90 in future nuclear fuel as a longer range potential benefit. Use of enriched zirconium-90 could enable improved reactor performance and eliminate generation of radioactive zirconium-93.
Process considerations and goals
The zirconium contains only one radioactive isotope, 93 Zr, which has a half-life of 1.5 million years and only a weak beta radiation, and the goal of the recovery/purification processes developed is to remove other radioactive elements such as uranium, transuranium elements, fission products, and activation products other than 93 Zr. Also, chemical impurities requiring removal will include alloying elements, such as tin, niobium, iron, nickel, and chromium, and non-metals, such as nitrogen, oxygen, and carbon.
Initial tests
Nonradioactive tests made during 2010-2011 established the feasibility of zirconium recovery and purification by means of a two-stage process in which the zirconium was converted to volatile zirconium tetraiodide salt, followed by decomposition of the purified salt to metallic zirconium [1] . However, difficulties were encountered with flow rate control of the iodine reagent, production of non-volatile di-and tri-iodide salt byproducts, salt plugging in the transfer lines between reactors, and slow kinetics of the salt decomposition reaction [2] . Various operating conditions and reactor configurations were tested in efforts to resolve the process difficulties, but none gave satisfactory results.
Industry assistance
In late 2011, technical assistance was obtained from two industrial expert teams with experience in manufacture of Zircaloy fuel rod cladding. This was arranged by means of contracts with the industrial assistance program in the DOE Office of Nuclear Energy. The two industrial teams made site visits for observations of the experimental equipment and facilities, and for technical discussions with the experimenters. Both teams provided information describing the industrial-scale processes used to purify zirconium, convert it to zirconium tetrachloride salt, and then convert the salt to purified zirconium metal "sponge." The purified metal is vacuum arc melted, and alloying agents are added. Finally, metallurgical processes (heating, extruding, rolling, and milling with intermittent annealing steps) are used to fabricate Zircaloy fuel cladding tubes (Fig. 2) . Several advantages were identified for changing the process for zirconium recovery and purification from UNF cladding components to hydrochlorination or chlorination. These advantages included (1) a direct connection to existing industrial processes by producing purified zirconium tetrachloride from the UNF cladding (Fig. 2) , (2) elimination of the need for the recovery process to include a process step to convert ZrCl 4 to metal, and (3) use of gaseous HCl or Cl 2 at atmospheric pressure as reagents, permitting good flow rate control. In addition, the chlorination or hydrochlorination process will enable more flexibility for application of the zirconium recovery process from UNF cladding. For example, cladding hulls can be used as feed material for the recovery process, or chemical decladding may be used to eliminate the currently used shearing process. Finally, comparative non-rad tests indicated that the hydrochlorination process is more efficient for zirconium purification than the iodination process (Table 1) . Thermodynamics calculations were made to compare the hydrochlorination and chlorination processes for removal of impurities. The results (Fig. 3) show that chlorination using HCl should produce ZrCl 4 highly purified from niobium, but a fraction of the tin alloy may be carried with the zirconium. However, tin can be removed from ZrCl 4 by treatment with chlorine at <200°C. An issue for an industrial application of the hydrochlorination process in a radiochemical operation may be the hydrogen generated in the off-gas by the reaction:
whereas hydrogen is not generated by reaction with chlorine Zr clad + 2 Cl ZrCl 4
Both methods of chlorination are still being considered, and a two-step recovery/purification may provide the best results. Further nonradioactive screening tests were conducted on the hydrochlorination process and showed that excellent separation factors (concentration in residue/concentration in product) of zirconium from tin (330), iron (4200), nickel (130), and chromium (130) can be obtained (Fig. 4) .
Tests with actual UNF cladding
Based on these results, radioactive tests using the hydrochlorination process and samples of actual UNF cladding were begun in early 2012. The initial test was made on an actual UNF cladding sample from the Dresden-1 Boiling Water Reactor (24 GWd/MT burnup, 34 years old). An incubation period of 30-90 minutes was observed prior to ZrC1 4 production, presumably because of an oxide layer on the previously voloxidized unwashed cladding sample. A thin yellow-brown coating was observed to form in the salt condenser. Afterward, the white powder (ZrC1 4 ) began to accumulate. A summary of the radioactive component impurity concentrations and calculated decontamination factors (concentration in untreated cladding/concentration in product) is shown in Table 2 . Radiation dose measurement from the ZrCl 4 product salt was <5.6 nSv/s, compared to an initial 6.7 µSv/s for the clad sample. This indicates that if a subsequent purification step (resublimation) is required, it can be conducted in an unshielded facility. 
Summary and conclusions
The process development program was justified because recovery and reuse of the hafnium-free zirconium in UNF cladding represents a material savings of >$40M/year and a ~50% savings on the geologic waste disposal space requirement. Process studies found that a chlorination process gives better performance than an iodination process for the recovery of zirconium from UNF cladding and can be utilized for chemical decladding of intact UNF fuel assemblies, or for processing empty cladding bulk. Initial tests with actual UNF cladding indicated that an acceptable level of decontamination from radionuclides and other impurities can be achieved. Optimization of process conditions, equipment design, and scale-up operations are future goals of the process development program.
